INTRODUCTION
Nature has selected certain copper (Cu)-containing proteins, not to mention other metalloproteins, to carry out a variety of processes involving dioxygen (02) (ref. 1). As shown in Table 1 , these include 0 2 transport, as performed by hernocyanin; oxygen-atom insertion into C-H bonds, as performed by monooxygenases; the reduction of 0 2 to H202 or H2O in respiration, as performed by oxidases; and the proposed destruction of the toxic superoxide ion (023 by the aptly named superoxide dismutase. We, and others, (refs. 2, 3) have endeavored to understand the structure and function of these classes of proteins through the syntheses of active-site analogs --molecules which model the essential metal-ligand coordination of the protein active-site --and, subsequently, their reactivity with 0 2 . Although our research group has discovered some remarkable monooxygenase-type chemistry, (ref. 2,4) this article will focus on some of our principal findings concerning the reversible binding of 0 2 , which is pertinent to transport, as well as our synthesis and study of an 0x0-bridged binuclear porphyrin-iron-copper complex as a model for the resting-state of cytochrome c oxidase (CcO). At low temperature (-90 "C), 0 2 binds to complex 1 to form an intense purple solution with strong abso tions at hmax = 440 nm (E = 2000 M-lcm-I), 525 nm (11500), and 590 nm (sh, 7600) --all assigned 0 2 binds strongly to complex 1 at low temperature, it can be removed reversibly by vacuum cycling experiments (Fig. 4) consists of a heme a3 strongly spin coupled (-J > 50 cm-1) with a CUB center in the resting oxidized state (Fig. 5) . The nature and the identity of the bridging ligand which mediates the antiferromagnetic coupling betweeen the metal centers is not yet clear. However, p-chloro, p-sulfido and p-0x0 groups have been proposed as possible bridging ligands in the oxidized dinuclear site and the distance between the Fe and Cu centers is thought to be less than 5 A. A second heme (heme a, low spin iron(1II)) and a second copper (CUA) are also known to play a role in the 0 2 reduction process by mediating the transfer of electrons from the electron carrier cytochrome c to the dinuclear site. This electron transfer process is coupled to proton translocation across the cell membrane. The electrochemical potential gradient generated by this proton pumping process is ultimately used in the synthesis of ATP. As indicated in Fig. 6 , the resting oxidized Fe(II1) ... Cu(I1) state is converted to an active reduced Fe(I1) ... Cu(1) state by a two step 2-e-process. Kinetic and spectroscopic evidence point to CUB as the initial binding site for 0 2 , thus implicating the importance of Cu(I)-02 reactivity in the 0 2 reduction process of CcO (ref 10d). The bound 0 2 is rapidly converted to a peroxo-iron(II1) state, which after protonation and a third electron transfer step induces cleavage of the 0-0 bond to generate a ferry1 FeIV0x0 species. The resting oxidized state is regenerated after the fourth electron transfer and protonation.
Although the reactivity of 0 2 with both Fe(I1) porphyrins and Cu(1) complexes have separately been studied in detail, few attempts have been made to characterize the products associated with the reaction of 0 2 with both (ref. 11). We have synthesized a dinuclear 0x0-bridged Fe-Cu complex which exhibits a 
Synthesis and characterization of oxohvdroxo bridged iron-comer dinuclear complexes
When an equimolar mixture of (F8-TPP)Fe(II)pipz (pip = piperidine) (5) (Fig. 7) and [(TMPA)Cu]+ (1) were allowed to react at -800 C in CH2C12 in the presence of 0 2 and warmed to 00 C, a purple-red solid could be isolated by precipitation with heptane (yield > 80%). of its identical UV-vis and lH NMR spectra. Subsequent recrystallization from CH2Clfieptane yielded single crystals which gave comparable elemental analysis to 6 generated from 02. An X-ray structure was obtained of a crystal generated by this method. The structure reveals a linear Fe(II1)-oxo-Cu (I1) coordination (Fe-O-Cu = 178.2 (4)"), and Fe-0 and Cu-0 bond distances of 1.740 %, (5) and 1.856 A (5)
respectively. The bond distances associated with the coordination of iron are similar to those reported for p-0x0 bridged iron-porphyrin dimers. The coordination environment around Cu is distorted squarepyramidal, not the more usual trigonal bipyramidal geometry; the three pyridine rings appear to sit in between the four difluorophenyl groups of the porphyrin, thereby leaving one 'slot' free.
Mossbauer spectroscopic measurements of 6 indicate a high-spin iron(II1) porphyrin (zero-field spectrum; 6 = 0.47 f 0.01 mmh; AEQ = 1.26 f 0.02 d s ) strongly coupled to Cu(II) to give a S = 2 spin system.
Variable temperature magnetization studies also show an excellent fit for an S = 2 model, which indicates that the exchange coupling is large and antifenomagnetic. A J value of -87 cm-1 was estimated based on H = 2.l S1eS2 (to be published). , which points to a weakening of coupling between the Fe and Cu centers as a result of protonation. As expected, deprotonation of 9 by addition of an equivalent of Et3N regenerates complex 6 (Fig. 7) . CONCLUSION Our group has investigated bioinorganic Cu-02 chemistry since the early 1980's. One of our most significant findings has been the synthesis and characterization of the mononuclear copper (I) complex [(TMPA)Cu(RCN)]+ (l), which binds 0 2 reversibly at -80 "C in EtCN or CH2C12 to give the structurally characterized 2: 1 (Cu:02) trans+-1, 2-peroxo adduct [ ( (TMPA)Cu)2(02)l2+ (2), the prototypical functional model complex for the metalloprotein hemocyanin. From associated stopped-flow kinetic and UV-vis spectral studies, it was deduced that the 1:l adduct [(TMPA)Cu(O2)]+ (4), a putative cupric superoxide species, forms initially and then reacts with another equivalent of 1 to give the 2:l adduct 2.
The rate constant kl for the formation of 4 from 1 and was determined to be 2 x 104 M-l s-1 at -90 OC, which extrapolates to ca. lo7 M-l s-l at -25 OC, the same order of magnitude as the 02 transporting proteins hemoglobin and myoglobin, as well as model heme complexes. It also compares with kl for the 2:1 (M:@) proteins hemerythrin (M = Fe) and hemocyanin.
Cytochrome c oxidase (CcO) binds 0 2 at near diffusion-control rates (kl = 3.5 x 108 M-1 s-1 at -25 "C), but detailed knowledge of M:02 (M = Fe, Cu) interactions, not to mention the possible subsequent intermediates, remains elusive. Our original model approach employs a ferrous-porphyrin, (Fg-TPP)Fepipa (S), and our reactive cuprous complex 1, in the presence of 02; the unusual p o x 0 bridged [(Fg-TPP)Fe-O-Cu(TMPA)]+ (6) complex is generated in ca. 80% yield. A full description of its structural, spectral, and magnetic properties is in preparation; also, 6 can be readily protonated to yield the putative p-hydroxo analogue 9. Complexes 6 and 9 serve as models for possible intermediates generated during the 0 2 reduction cycle of CcO, and experiments to determine their mechanism@) of formation are in progress.
